INTRODUCTION
In the previous chapter it was seen that maximum voltage sag of 50% and an unlimited swell could be compensated using matrix converter by feeding power from the same phase where the sag or swell occurred. In this chapter another strategy is being introduced. When sag or swell occurs in any one phase, it is compensated by using the power derived from the other two phases using direct converters. The three-phase to single-phase direct converters are used to regulate the voltage at each phase. Each of the converters is constructed using four bi-directional controlled switches. As each converter operates independently, the DVR can properly compensate unbalanced, long-time voltage sag and swell.
Two procedures have been considered: a) In the first method, voltage sag compensation is achieved by feeding power from the same phase and the voltage swell compensation is done by using the other two phases. b) In the second method, the voltage swell can be compensated by feeding power from the same phase while the sag compensation is performed by using the other two phases. This DVR comprises of a three-phase-to-single-phase direct converter, a RLC filter and an injection transformer for each phase.
Figure 3.1 Proposed topology using AC/AC Converter
Each three-phase to single-phase converter is structured by four bidirectional power switches. Under normal conditions, the DVR does not inject any voltage into the lines through the series transformers. In such a case, the switches S ga ,S gb and S gc connected across the series transformers can be permanently kept closed. In the case of voltage sags or swells in the grid, 38 these switches take part in the pulse width modulation which is further explained in Section3. Assuming sinusoidal waveforms, and considering only the a-phase, the voltages can be expressed as:
In the afore-mentioned equations , and are the peak values of the load, grid, and the injected voltages, respectively. The phaseangle, for the injected voltage is defined as:
CONTROL PROCEDURE-I
As mentioned in the previous chapter, the voltage sag and swell is identified using single phase d-q theory. In this section switching pulse generation for the mitigation of sag and swell is explained in detail for the first control methodology.
Voltage Sag Mitigation
In order to compensate the voltage sag, power from the same phase is utilized by the converter. If voltage sag occurs in a-phase, then the bidirectional switches S aa and S ga will be alternatively put on and off as per the duty ratio (D) to mitigate the sag. the carrier signal to generate PWM pulses, which are delivered to the corresponding switches using logic gates.
Voltage Swell Mitigation
For compensating the voltage swell in any one phase, power from the alternate phases is utilized by the converter. For example, if there is voltage swell in a-phase, is utilized. Table 3 .1.
CONTROL PROCEDURE-II
In this method also the sags and swells are identified as explained earlier.
The generation and delivery of the control pulses to the switches are very similar to the Procedure-I. However, for the compensation of swell, the power is fed from the same phase and for the voltage sag, power is fed from the alternate phases. The polarity of the series transformer should then be reversed.
DVR COMPENSATION RANGES
In this section, the voltage sag and swell compensation ranges for the proposed methods are presented. The DVR may be located either at the grid side or at the load side. If it is installed at the grid side, then it measures the grid voltage, and carries out the compensation at the grid side. If it is installed at the load side, then it measures the load voltage, and performs compensation at the load side itself. So it has been assumed that the phase shift between v g and v con or that between v con and v l is negligible.
The relationship between v g and v con (the filtered output voltage of the converter) can be expressed as:
equation is valid for a transformation ratio of 1:1 for the series transformer. In order to increase the compensating capacity of the DVR, the ratio can be increased. However, this will also increase the current rating of the series transformers and the switches. The ability of the proposed DVR in mitigating sag and swell for various transformer ratios is shown in the 
Voltage Sag Compensation Range
In this section, the voltage sag compensation ranges for the proposed methods are presented. Considering (3.6) and (3.7), the voltage sag percentage can be simplified to (3.8) From (3.8) it is verified the maximum value of sag that can be compensated is 50% for which happens at D=1.
Method II
From the Figure 4 , it could be observed that during the peak value of any one phase voltage, the instantaneous value of other two phase voltages are only 50% of the peak value. So (3.4) could be written as, (3.9) Considering (3.9), (3.6) can be rewritten as follows:
(3.10) Using (3.7) and (3.10), the voltage sag percentage can be simplified to (3.11) From (3.11) it is concluded that for this control technique the maximum value of sag compensation is 33% for D = 1.
Voltage Swell Compensation Range
In this section, the voltage swell compensation ranges for the proposed methods are presented. From the Figure 4 , it could be observed that during the peak value of any one phase voltage, the instantaneous value of other two phase voltages are only 50% of the peak value. So (4) could be written as, (3.13)
Considering (3.13), (3.12) can be simplified to (3.14)
The voltage swell percentage is defined as follows:
(3.15)
Considering (3.14) and (3.15), the voltage swell percentage is simplified as follows:
It is validated from (3.16) that for D = 1 the highest amount of swell that can be compensated is 100%.
Method II
In method II, as the swell is compensated by feeding power from the same phase in which swell occurs. So So (3.12) can be simplified to 
SIMULATION RESULTS FOR PROCEDURE I
The 3-phase RL star-connected load with a rating of 700 VA at 0.8 power factor used for simulation studies. The 50 Hz grid is assumed to operate nominally at 230 V rms (1p.u). The carrier frequency is 4 kHz.
Passive RLC filters of values 1 ohm, 8mH, 11µF were used at the injection transformers. The turns-ratio of the injection transformers is 1:1, with which, the DVR is able to compensate voltage sags of 50% and voltage swells of 100%. The MATLAB/SIMULINK software has been used for simulation. In Figure 3 .12, the compensation of 100% balanced swell is illustrated. In Figure 3 .13, mitigation of an unbalanced swell of 100% in a-phase, 50% in bphase and 25 % in c-phase is illustrated.
PERFORMANCE ANALYSIS
The performance of the DVR corresponding to the Procedure-I presented in this paper is somewhat superior to the other procedures available in the technical literature as shown in Table 3 .3.
In the matrix converter described in (Perez et al shown to balance sags of even 60%; however, a flywheel has been used as an energy storage element and the capability of the scheme for swell
compensation is yet to be investigated.
In the DVR reported in (Babaei et al 2010), a computation intensive process is described, yielding a limited compensation of 33% sag and 100%
swell.
The two methods of control which have been proposed in this paper, do not involve intensive computations. Regarding the compensation limits, balanced voltage sags up to 50% and balanced voltage swells up to 100% can be compensated by the first method. In the second method, a maximum balanced voltage sag compensation of 33% and unlimited swell compensation would be possible. 
Figure 3.15 Variation of load voltage versus grid voltage
For the R load, the sensitivity, at full load is:
The sensitivity for the full RL load is:
(3.23)
STABILITY
Since the DVR consumes power from the very grid for which compensation is performed, it may raise the question of stability. It is however seen that the proposed direct converter acts only as a feed forward The developed top node voltage V con (s) across the capacitor is given by:
From (24) and (25), the transfer function TF 1 of DVR could be written as:
Another transfer function TF 2 can be derived with the voltage source shorted.
(3.31)
Whichever transfer function is considered, the DVR is a second order system with the poles lying on the left half of S plane; hence, instability will not occur under such conditions. In fact the DVRs can be thought of feed-forward controllers, which are generally stable.
SUMMARY
The DVR schemes presented do not require a dc link, resulting in enormous savings in cost, weight, and volume. Two methods of control have been proposed. In the first method, the voltage sag is compensated by drawing power from the same phase. For the swell, power from the other two phases was utilized. It is found to mitigate a maximum of 50% of balanced voltage sag and 100% of voltage swell. In the second method to compensate voltage swell the power is fed from the same phase, while the voltage sag was corrected by using the power from the other two phases. By this procedure, a maximum of 33% of balanced voltage sag and unlimited quantity of voltage swell compensation is done. In general, when the sag or swell in any phase is sought to be compensated by using the power available in the other phases, extensive signal processing is required, since the magnitudes and phase angles may differ. When compensation is achieved by feeding power from the same phase, ordinary PWM technique is used. For compensating voltage in one phase by feeding power from the other two phases, SPWM technique is used.
Even though it is observed that the compensated voltage has a THD of 8%.
Further work is being done in the next chapter to reduce the distortion in the compensating voltage. Of the various procedures the first procedure appears to give maximum compensation with least distortion.
